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TECHNICAL REPORTS

Atmospheric Pollutants and Trace Gases

Ammonia Volatilization from Surface-Applied Poultry Litter
under Conservation Tillage Management Practices

R. R. Sharpe,* H. H. Schomberg, L. A. Harper, D. M. Endale, M. B. Jenkins, and A. J. Franzluebbers

ABSTRACT

Land application of poultry litter can provide essential plant nutri-
ents for crop production, but ammonia (NH;) volatilization from the
litter can be detrimental to the environment. A multiseason study was
conducted to quantify NH; volatilization rates from surface-applied
poultry litter under no-till and paraplowed conservation tillage man-
agements. Litter was applied to supply 90 to 140 kg N ha'. Evaluation
of NH; volatilization was determined using gas concentrations and
the flux-gradient gas transport technique using the momentum balance
transport coefficient. Ammonia fluxes ranged from 3.3 to 24% of the
total N applied during the winter and summer, respectively. Ammonia
volatilization was rapid immediately after litter application and
stopped within 7 to 8 d. Precipitation of 17 mm essentially halted
volatilization, probably by transporting litter N into the soil matrix.
Application of poultry to conservation-tilled cropland immediately
before rainfall events would reduce N losses to the atmosphere but
could also increase NO; leaching and runoff to streams and rivers.

HE USE OF poultry manure as a source of nutrients
for crop production is a common practice in the
southeastern United States and land application has
been the preferred method of manure management. In
1998, the U.S. poultry industry produced almost eight
billion broilers (Georgia Agricultural Statistics Service,
1999). At a total production rate of 1.46 kg litter per
bird, these broilers generated almost 12 million Mg of
litter, a mixture of bird excreta, feathers, waste feed,
and bedding material. Application of organic waste ma-
terials on agricultural land has received considerable
attention in recent years because of potential environ-
mental problems such as water quality degradation, air
pollution through N gas emissions, odors, and dispersal
of pathogenic organisms (Edwards and Daniel, 1992;
Chadwick et al., 2000; Barton and Schipper, 2001).
Ammonia is the primary neutralizing agent for atmo-
spheric acids and is a common component of atmo-
spheric aerosols such as ammonium sulfate [(NH;),SO,]
and ammonium nitrate (NH,NO;). These compounds
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are important factors in acid rain and when leached by
rain to the soil are rapidly oxidized to nitric and sulfuric
acid (van Breemen et al., 1982). Atmospheric NH; is
produced from decomposing feces and hydrolysis of
urea in urine to NH,. These losses occur during animal
production and application of the manure as fertilizers,
and losses from burning biomass. There is a growing
realization of the importance of NH; emissions and their
role in acidification and eutrophication of terrestrial
ecosystems. Natural ecosystems are thought to be net
sinks for NH; (Denmead et al., 1976; Van Hove et al.,
1987) since most of these systems are N deficient. For-
ests may be sinks or sources for atmospheric NH; de-
pending on atmospheric concentrations. Langford and
Fehsenfeld (1992) showed that a montane-subalpine
forest was a NH; source when exposed to low atmo-
spheric concentrations of NH; but a sink when exposed
to air enriched from agriculture sources. Ammonia emit-
ted from agricultural sources has been implicated in
forest decline (McLeod et al., 1990; Nihlgard, 1985) and
species changes in the heathlands of Europe (Van Hove
etal., 1987). Several studies have shown that agricultural
crops can both absorb and emit NH; depending on their
N status and atmospheric concentrations of NH;
(Sharpe et al., 1988; Harper and Sharpe, 1995).
Methodology exerts a strong influence on the magni-
tude of NH; losses measured (Terman, 1979; Harper,
2004). Laboratory techniques usually show greater
losses than field techniques (Schilke-Gartley and Sims,
1993) and dynamic techniques also tend to show greater
losses than static techniques because of the influence
of NHj; gradients and turbulence (Harper, 1988). Am-
monia volatilization rates in laboratory and dynamic
flow-through chamber studies have ranged from 4 to
60% of the total N applied depending on fraction size
of litter and soil moisture (Lockyer et al., 1989; Brinson
et al., 1994; Cabrera et al., 1994). Open-field studies in
contrast have shown losses of less than 7% of the total
N applied in poultry litter (Nathan and Malzer, 1994;
Marshall et al., 1998). Noninterference, open-field stud-
ies often show dynamic differences when compared with
chamber studies because chamber techniques influence

Abbreviations: DOY, day of year; NT, no-till; PP, paraplowed.
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the physical and chemical properties responsible for
NH; emissions (Harper, 2004).

Conservation tillage systems have been widely
adopted in the Southern Piedmont of the United States
because they reduce soil erosion and increase water
retention (Langdale et al., 1979; Reicosky et al., 1977).
The use of conservation tillage management mandates
surface application of poultry litter, which may increase
NHj volatilization losses. Most of the studies concerning
NHj; volatilization from poultry litter have been labora-
tory studies with few open-field studies. The scarcity of
field studies, influence of methodology on the magni-
tude of NH; measurements, and the potential environ-
mental impact of surface application of poultry litter
indicate that the need exists to quantify NHj; fluxes. Our
objective was to quantify gaseous losses of NH; after
surface application of noncomposted poultry litter un-
der conservation tillage management.

MATERIALS AND METHODS

This research was conducted on two paired water catch-
ments in Watkinsville, Georgia (33°56'N, 83°19' W), on Cecil
sandy loam (fine, kaolinitic, thermic Typic Kanhapludult) soils
(Fig. 1). Before this study both catchments were managed for
at least 10 yr with no-tillage. One catchment (NT) was 1.3 ha
and the other catchment (PP) was 1.4 ha. The two catchments
were immediately adjacent to each other. Both catchments
were managed the same except one catchment (PP) was para-
plowed to a depth of 30 to 40 cm each fall starting in 1999.
The paraplow is a deep-tillage instrument used to loosen soil
without inversion and with minimal disturbance of surface
residues. Summer crops were pearl millet (Pennisetum glau-
cum L.) in 2000 and grain sorghum [Sorghum bicolor (L.)
Moench] in 2001. Winter crops were rye (Secale cereale L.) in
the winter of 2001-2002. Crops were fertilized with inorganic P
and K and with broiler litter in July 2000 and 2001 and in
December 2001. The goal was to apply equal amounts of total
N to each catchment, but PP catchment received more N than
the NT catchment in each application (Table 1). Poultry litter
was applied immediately after planting before seed germina-
tion. The standing stubble from the previous crop was 10 to
15 cm tall. Application rates, total Kjeldahl nitrogen, NH,,
and NO; content for each application are shown in Table 1.
Total N content of the litter was determined by dry combustion
with a C and N analyzer (Nelson and Sommers, 1982). Inor-
ganic N was determined by steam distillation (Keeney and
Nelson, 1982).

Micrometeorological instruments were located near the
center of the field to obtain a minimum fetch of 50:1 (upwind
canopy distance to measurement height) in all directions for

Paraplowed No-till

Fig. 1. Field diagram showing location of sampling masts and instru-
ment trailer. The flumes are collection points for sampling runoff.

wind profile development. Micrometeorological data and at-
mospheric NH; concentrations were determined 24 to 48 h
before litter application and for 7 to 8 d following applications.
Wind speed (sensitive cup anemometers, Model 106-LED-DC;
Thornthwaite Assoc., Pittsgrove, NJ) and air temperature (as-
pirated thermocouples, Model ASPTC; Campbell Scientific,
Logan, UT) profiles were measured at six heights (plant height
plus 0.2, 0.4, 0.6, 0.8, 1.6, and 2.7 m). During the summer 2000
study, atmospheric concentrations of NH; were measured at
plant height plus 0.6 and 1.6 m using tunable diode laser
(TDL) spectroscopy. The TDL (Model TGA100, Campbell
Scientific) technique is based on infrared spectroscopy (War-
land et al., 2001; Edwards et al., 1994). The diode laser is
mounted in a liquid nitrogen—cooled dewar and a heater in
the dewar gives precise control of the laser in the 78- to
110-K region. The laser was operated in the IR spectral region
between 1700 and 1800 cm™!. The sample and reference cells
are 1.54 and 0.05 m long, respectively. Both sample and reference
detectors were Peltier-cooled mercury—cadmium—tellurium IR
detectors (EG&G; Judson, Montgomeryville, PA). The instru-
ment had a short-term (sample period) total noise of about
10 ppbv. The TDL's electronics were integrated with a PC for
software control of the digital signal processing, laser function,
real-time display of laser-operating functions, and for data
storage. The TDL was located in a small trailer at the edge
of the field about 65 m from the air intake points. Atmospheric
samples were drawn through a 1.27-cm-i.d. low density poly-
ethylene tube and atmospheric gas concentrations were mea-
sured 10 times per second. Switching time between heights
was 3 min and switching time between fields was 15 min. A
switching time of 3 min allowed sufficient time for laser NH;
concentration readings to stabilize at any given height. Each
sampling port in both fields was exposed to known concentra-
tions of reference gases to ensure that the switching times
between fields and between heights in a field were correctly
set. Delta concentrations were averaged over 30-min periods
for use in the flux gradient technique. During the 2001-2002
studies, NH; concentration profiles were measured at 0.2, 0.4,
0.6, 0.8, 1.6, and 2.7 m above plant height. Ammonia concen-
trations in air samples were measured by drawing unfiltered
air at arate of 6 L min ! through gas washing bottles containing
80 mL of 0.1 M H,SO, for a period of four hours (Weier et
al., 1980). Average flux rates were determined from atmo-
spheric NH; concentration profiles and average wind speed
and air temperatures during the 4-h period.

Ammonia gas flux densities above the canopy were deter-
mined during the measurement seasons using gas concentra-
tions and the flux gradient gas transport technique using the
momentum balance transport coefficient. The relationship for
gas flux density is:

F = K., (0n/dz) [1]

Table 1. Poultry litter, total N, NH,, and NOj; application rates.

Treatmentf Application Total N NH,-N NO;-N
Mg ha! kg ha™!
5 July 2000
NT 3.34 109.2 174 0.48
PP 2.73 87.2 10.5 0.48
2 July 2001
NT 3.37 98.9 14.8 0.80
PP 2.70 86.9 10.5 0.30
21 December 2001
NT 4.65 133.4 40.6 0.87
PP 4.42 138.9 55.0 1.10

T NT, no-till; PP, paraplowed to a depth of 30 to 40 cm.
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SHARPE ET AL.: NH; VOLATILIZATION FROM SURFACE-APPLIED POULTRY LITTER

where F is the gas flux density (kg NH;-N ha~! d7!), n is
atmospheric gas concentration (ug NH;-N m3), z is gradient
measurement height (m), and K,,, is eddy diffusivity (m?s™?!)
for the gas of interest. A negative F value indicates absorption
and a positive value indicates emissions from the field. The
magnitude of K., depends on the level of turbulence wind
speed, surface roughness, height above ground, and the ther-
mal stability of the atmosphere and can be determined from
the relationship:

— —K (u — w) 2]
{In[(z, — za)/(z1 — 20)] = [W (22 — 20) = ¥ (21 — 2]

where k is the von Karman constant (0.41), u is wind speed
(ms~') at upper height (u,) and lower height (i), z, is effective
vegetation height (m), and W is the stability correction factor
(Dyer and Hicks, 1970). Errors associated with the flux-gradi-
ent gas transport technique have been discussed by Harper
(1988) and Denmead and Raupach (1993) and error attributed
to the technique is =15%. Effective vegetation height was
calculated from wind speed profiles using a modification of the
least square technique described by Wright and Lemon (1966).

Kmb

RESULTS AND DISCUSSION

Total N in the litter used in these studies ranged from
0.27 to 0.44 g kg~! (dry weight basis), which was within

1185

the range of 0.14 to 0.68 g kg™! reported by Overcash
et al. (1983) from a compilation of more than 30 studies
involving poultry litter. Inorganic N levels, primarily
NH,, ranged from 0.03 to 0.17 g kg™ ! with the litter
containing the highest concentrations being applied dur-
ing winter 2002. This resulted in an application of 2.5
to 5 times more NH, during the winter than the summer
studies even though total N applications were only about
30% greater (Table 1). There was a small influx of NH;
before the summer 2000 litter application (Fig. 2) but
there was little or no flux into or out of the systems
before the summer 2001 or winter studies (Fig. 3 and 4).

In all three studies, there was a rapid increase in NH;
volatilization immediately following application. The
greatest volatilization rate, about 27 kg NH; ha ! d ™,
occurred on day of year (DOY) 188 during the summer
2000 study (Fig. 2). The much greater volatilization from
the NT than PP fields was due to the differences in NH,
applications. About 50% more readily volatilizable NH,
was applied to the NT than PP field (17.4 and 10.5 kg
NH; ha™!, respectively). Volatilization rates gradually
decreased from DOY 188 to 193 with little or no NH;
loss after 20 mm of rain on DOY 193. The rain probably
transported most of the readily soluble N into the soil

Summer 2000
= 30 App¢ 25
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Fig. 2. Ammonia volatilization rates, rainfall, wind speed, and temperature during the summer of 2000. Wind speed and air temperature were
measured 1.7 m above the soil surface. DOY, day of year; NT, no-till; PP, paraplowed.
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Fig. 3. Ammonia volatilization rates, rainfall, wind speed, and temperature during the summer of 2001. Wind speed and air temperature were
measured 1.7 m above the soil surface. DOY, day of year; NT, no-till; PP, paraplowed.

matrix and several studies have shown that incorpora-
tion of animal manures into the soil greatly reduces NH;
volatilization (Adamsen and Sabey, 1987; Moore et al.,
1995; Cabrera and Vervoort, 1998).

Similar trends occurred during the summer 2001
study, with the greatest volatilization in the first 48 h
after application followed by a rapid decrease in volatil-
ization after a rainfall (Fig. 3). During the first 48 h
after application, total NH; losses were 5.8 and 5.6 kg
NH; ha™! for the NT and PP fields, respectively, which
would correspond to the greater N application to the
NT field. Ammonia volatilization rates were much less
in summer 2001 than summer 2000, especially in the NT
field. This was probably due to the lower N application
rates in 2001 (Table 1) and to the climatic conditions
following application. Ammonia volatilization rates are
significantly correlated to air temperature and wind
speed (Harper and Sharpe, 1995). In these studies, air
temperature was about 5°C warmer and wind speed was
about twice as great following application in 2000 than
in 2001, which would result in greater NHj; losses.

Ammonia volatilization rates decreased significantly

after the 17 mm of rain on DOY 184 (Fig. 3). This is
in contrast to the Cabrera and Vervoort (1998) study,
which found that addition of 40 mm of simulated rain
decreased NH; losses, but the addition of 20 mm tempo-
rally increased NH; volatilization due to the stimulation
of litter decomposition. In this study, 17 mm of rain
significantly reduced NH; volatilization. The differences
between the studies may have been due to differences in
poultry litter and experimental conditions. The Cabrera
and Vervoort (1998) study used poultry litter that had
been passed through a 2-mm sieve to remove large parti-
cles, which would increase surface area and litter decom-
position. Also, the litter used in the Cabrera and Ver-
voort (1998) study contained a higher percentage of
total N and NH,—N and treated soil columns were stored
under conditions that maximized NH; losses to the at-
mosphere.

In the winter 2001-2002 study, NHj; losses occurred
primarily during the warmest part of the day with little
or no volatilization during the cold nighttime tempera-
tures (Fig. 4). Maximum volatilization rates of about 10
kg NH; ha™! d~! were about the same as during the
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Fig. 4. Ammonia volatilization rates, rainfall, wind speed, and temperature during the winter of 2001-2002. Wind speed and air temperature
were measured 1.7 m above the soil surface. DOY, day of year; NT, no-till; PP, paraplowed.

summer 2001 study although total N and NH, in the
applications were much greater in the winter study.
Wind speed was also greater during the winter study.
Total amount of NH;-N volatilized, expressed as a
percentage of total N and NH,—N applied, is shown in
Table 2. Ammonia losses in the summer 2000 study
were slightly greater than those reported by Lockyer et
al. (1989) for poultry litter using a dynamic flow-through
chamber in the field but three times greater than that
reported by Marshall et al. (1998) for open-field studies
in the southeastern United States. The lower NHj; losses
in the Marshall et al. (1998) study may have been due
to the presence of an actively growing crop or to climato-
logical differences in the studies. In the Marshall et al.
(1998) study there was a dense, actively growing crop
that could have absorbed some of the atmospheric NH;
(Denmead et al., 1976). This study was conducted under
conditions of high humidity, heavy dews, and high soil
moisture, which they postulated could have reduced
NH; volatilization. In the summer 2000 study, the poul-
try litter was applied to a dry soil (<0.1 cm® cm?) during
aperiod of high temperature and high wind speed (Fig. 3),
all of which would tend to maximize NH; volatilization
(Lockyer et al., 1989; Nathan and Malzer, 1994). Most
of the NH; was volatilized within 72 h after application.
The additional losses of NH; (Table 2) were probably

due to mineralization of organic N at the soil surface
and the subsequent volatilization of NH;. Losses during
the winter study were less than either of the summer
studies, especially when expressed as the percentage of
NH, lost. This is in agreement with other studies show-
ing deceased volatilization rates in winter (Lauer et al.,
1976) due to decreased chemical and biological reac-
tions during low temperatures.

CONCLUSIONS

Total losses of NH; from surface-applied poultry litter
ranged from 3.3 to 24% of the total N applied with the
largest losses under hot, dry, windy conditions. Losses
of 22 to 24% as in the summer 2000 study would be
large enough to potentially decrease crop yields when

Table 2. Total NH;-N losses expressed as a percentage of total
N and NH,-N applied.

NT7 PPy
Percent of  Percent of Percent of Percent of
Season total N NH,-N total N NH,-N
%
Summer 2000 239 95.1 223 101.0
Summer 2001 5.4 36.3 5.2 4.3
Winter 4.1 13.4 33 9.9

T NT, no-till; PP, paraplowed to a depth of 30 to 40 cm.
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poultry litter is used as the sole source of N fertilizer
and applications are based on the N content of the litter.
In addition losses of this magnitude have the potential
to affect nearby natural ecosystems. Rainfall within 48 h
of application greatly inhibited volatilization rates al-
though 36 to 64% of the NH, in the poultry litter was
volatilized before precipitation. Application of poultry
to conservation tilled cropland immediately before rain-
fall events would reduce N losses to the atmosphere.

REFERENCES

Adamsen, F.J., and B.R. Sabey. 1987. Ammonia volatilization from
liquid digested sewage sludge as affected by placement in the soil.
Soil Sci. Soc. Am. J. 51:1080-1082.

Barton, I., and I.A. Schipper. 2001. Regulation of nitrous oxide emis-
sions from soils irrigated with dairy farm effluent. J. Environ.
Qual. 30:1881-1887.

Brinson, S., M.L. Cabrera, and S. Tyson. 1994. Ammonia volatilization
from surface-applied, fresh and composted poultry litter. Plant
Soil 167:213-218.

Cabrera, M.L., S.C. Chiang, W.C. Merka, O.C. Pancorbo, and S.A.
Thompson. 1994. Nitrous oxide and carbon dioxide emissions from
pelletized and nonpelletized poultry litter incorporated into soil.
Plant Soil 163:189-196.

Cabrera, M.L., and A.A. Vervoort. 1998. Effect of timing of simulated
rain on ammonia volatilization from surface-applied broiler litter.
Commun. Soil Sci. Plant Anal. 29:575-586.

Chadwick, D.R., B.F. Pain, and S.K.E. Brookman. 2000. Nitrous oxide
N content of the manure by lowering the crude protein and methane
emissions following application of animal manures to grassland. J.
Environ. Qual. 29:277-287.

Denmead, O.T.,J.R. Freney, and J.R. Simpson. 1976. A closed ammo-
nia cycle within a plant canopy. Soil Biol. Biochem. 8:161-166.
Denmead, O.T., and M.R. Raupach. 1993. Methods for measuring
atmospheric gas transport in agricultural and forest systems. p.
19-43. In L.A. Harper et al. (ed.) Agricultural ecosystems and
global climate change. ASA Spec. Publ. 55 ASA, CSSA, and SSSA,

Madison, WI.

Dyer, A.J., and B.B. Hicks. 1970. Flux-gradient relationships in the
constant flux layer. Q. J. R. Meteorol. Soc. 96:715-721.

Edwards, D.R., and T.C. Daniel. 1992. Environmental impacts of on-
farm poultry waste disposal— A review. Bioresour. Technol. 33:9-33.

Edwards, G.C., H.H. Neumann, G. den Hartog, G.W. Thurtell, and
G.E. Kidd. 1994. Eddy correlation measurements of methane fluxes
using a tunable diode laser at the Kinosheo Lake tower site during the
Northern Wetlands Study (NOWES). J. Geophys. Res. [Atmos.]
99:1511-1517.

Georgia Agricultural Statistics Service. 1999. Georgia poultry facts.
Georgia Agric. Stat. Serv., Athens, GA.

Harper, L.A. 1988. Comparisons of methods to measure ammonia
volatilization in the field. p. 93—-111. In B.R. Brock and D.E. Kissel
(ed.) Ammonia volatilization from urea fertilizers. Bull. Y-206.
Natl. Fertilizer Ctr., TVA, Muscle Shoals, AL.

Harper, L.A. 2004. Ammonia: Measurement issues. /n J.L. Hatfield
and J.M. Baker (ed.) Micrometeorology in agricultural systems.
Agron. Monogr. 46. ASA, Madison, WI (in press).

Harper, L.A., and R.R. Sharpe. 1995. Nitrogen dynamics in irrigated
corn: Soil-plant nitrogen and atmospheric ammonia transport.
Agron. J. 87:669-675.

Keeney, D.R., and D.W. Nelson. 1982. Nitrogen—Inorganic forms.
p. 643-698. In A.L. Page, R.H. Miller, and D.R. Keeney (ed.)

Methods of soil analysis. Part 2. 2nd ed. Agron. Monogr. 9. ASA
and SSSA, Madison, WI.

Langdale, G.W., A.P. Barnett, R.A. Leonard, and W.G. Fleming.
1979. Reduction of soil erosion by the no-till system in the southern
Piedmont. Trans. ASAE 22:82-86.

Langford, A.O., and F.C. Fehsenfeld. 1992. Natural vegetation as a
source or sink for atmospheric ammonia: A case study. Science
(Washington, DC) 255:581-583.

Lauer, D.A., D.R. Bouldin, and S.D. Lausner. 1976. Ammonia volatil-
ization from dairy manure spread on the soil surface. J. Environ.
Qual. 5:134-141.

Lockyer, D.R., B.F. Pain, and J.V. Klarenbeek. 1989. Ammonia emis-
sions from cattle, pig and poultry wastes applied to pasture. Envi-
ron. Pollut. 56:19-30.

Marshall, S.B., C.W. Wood, L.C. Braun, M.L. Cabrera, M.D. Mullen,
and E.A. Guertal. 1998. Ammonia volatilization from tall fescue
pastures fertilized with broiler litter. J. Environ. Qual. 27:1125-
1129.

McLeod, A.R., M.R. Holland, P.J.A. Shaw, P.M. Sutherland, N.M.
Darrall, and R.A. Skeffington. 1990. Enhancement of nitrogen
deposition to forest trees exposed to sulfur dioxide. Nature (Lon-
don) 347:277-279.

Moore, P.A., Jr., T.C. Daniel, A.N. Sharpley, and C.W. Wood. 1995.
Poultry manure management: Environmentally sound options. J.
Soil Water Conserv. 50:321-327.

Nathan, M.V., and G.L. Malzer. 1994. Dynamics of ammonia volatil-
ization from turkey manure and urea applied to soil. Soil Sci. Soc.
Am. J. 58:985-990.

Nelson, D.W., and L.E. Sommers. 1982. Total carbon, organic carbon
and organic matter. p. 539-579. In A.L. Page, R.H. Miller, and
D.R. Keeney (ed.) Methods of soil analysis. Part 2. 2nd ed. Agron.
Monogr. 9. ASA and SSSA, Madison, WI.

Nihlgard, B. 1985. The ammonium hypothesis: An additional explana-
tion to the forest dieback in Europe. Ambio 14:2-6.

Overcash, M.R., F.J. Humenik, and J.R. Miner. 1983. Overview of
livestock production. p. 114-182. In CRC livestock waste manage-
ment. Vol. 2. CRC Press, Boca Raton, FL.

Reicosky, D.C., D.K. Cassel, R.L. Blevins, W.R. Gill, and G.C. Nader-
man. 1977. Conservation tillage in the Southeast. J. Soil Water
Conserv. 32:13-19.

Schilke-Gartley, L.L., and J.T. Sims. 1993. Ammonia volatilization
from poultry manure-amended soil. Biol. Fertil. Soils 16:5-10.
Sharpe, R.R., L.A. Harper, J.E. Giddens, and G.W. Langdale. 1988.
Nitrogen use efficiency and nitrogen budget for conservation tilled

wheat. Soil Sci. Soc. Am. J. 52:1394-1398.

Terman, G.L. 1979. Volatilization losses of nitrogen as ammonia from
surface-applied fertilizers, organic amendments, and crop residues.
Adv. Agron. 31:189-223.

Warland, J.S., G.M. Dias, and G.W. Thurtell. 2001. A tunable diode
laser system for ammonia flux measurements over multiple plots.
Environ. Pollut. 114:215-221.

Weier, K.L., V.R. Catchpoole, and L.A. Harper. 1980. An automated
colorimetric method for the determination of small concentrations
of ammonia in air. Trop. Agron. Tech. Memo 20. CSIRO, Div. of
Tropical Crops and Pastures, St. Lucia (Brisbane), QLD, Australia.

Wright, K.L., and E.R. Lemon. 1966. Photosynthesis under field condi-
tions. VIII. Analysis of windspeed fluctuation data to evaluate
turbulent exchange within a corn crop. Agron. J. 58:225-261.

Van Breemen, P., P.A. Burrough, E.J. Velthorst, H.F. van Dobben, T.
De Wit, T.B. Ridder, and H.F.R. Reijnders. 1982. Soil acidification
from atmospheric ammonium sulphate in forest canopy throughfall.
Nature (London) 299:548-550.

Van Hove, LW.A., AJ. Koops, E.H. Adema, W.J. Vredenber, and
G.A. Pieters. 1987. Analysis of the uptake of atmospheric ammonia
by leaves of Phaseolus vulgaris L. Atmos. Environ. 21:1759-1763.



